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Radiative corrections in the electroweak sector constitute an essential component in the ability to
disentangle Beyond Standard Model physics from experimental data. This is particularly relevant
for strongly bound systems undergoing weak decays such as nuclear β decay, where its contribution
to top-row CKM unitarity tests is essential. In this Letter we note the need for an additional
radiative correction to the Gamow-Teller form factor in allowed decays. It concerns a combination of
electrostatic final state interactions and QCD-induced currents. We review the basic derivation and
report analytical results. Due to differences in their theoretical treatment in the literature, effects
on the neutron and mirror systems are distinct. Significant consequences appear for a comparison
of the former with lattice QCD, while changes occur in the |Vud| extraction in the latter. We discuss
new limits on right-handed currents and provide a new value for |Vud| from mirror decays.
An improved understanding of radiative corrections
was at the heart of electroweak unification [1, 2] and con-
tinues to be of paramount importance as experimental re-
sults provide stringent limits on TeV-scale Beyond Stan-
dard Model Physics (BSM) [3, 4]. Some of the most strin-
gent limits on new high-scale physics come from precision
studies of (nuclear) β decay, in particular in studying
the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix [5, 6]. Unitarity tests constitute a powerful con-
sistency check, and tremendous effort has gone towards
its evaluation since its inception [7]. The top-row uni-
tarity requirement is dominated by the up-down mixing-
matrix element, Vud, for which the most precise value
currently comes from superallowed nuclear β decay [8].
Due to ever-increasing experimental precision on the life-
time and β-asymmetry over the past decades, the study
of the neutron is rapidly becoming an equally important
component in its determination [9–11]. Due to tremen-
dous progress in the lattice QCD (LQCD) community
in recent years [12, 13], comparison of the axial vector
coupling with experiment yields competitive bounds on
exotic couplings. Superallowed transitions in mirror de-
cays have additionally demonstrated great potential and
map out a complete nuclear data set [14, 15].
Extraction of precise results relies, however, on theo-
retical input of at least equal measure. As such, detailed
studies were performed over the years by several authors
[2, 6, 7, 16–22]. In all of these, particular attention was
given to final state interactions and QCD-induced influ-
ences. Interestingly, however, the classical work for the
neutron by Wilkinson [16] and subsequent efforts appear
to have neglected a part in the combination of these ef-
fects, despite sizable deviations shown several years ear-
lier [23–25]. For simplicity, we focus first on the neutron
and later generalize to T = 1/2 mirror decays.
The master equation for the decay of the neutron is
|Vud|2τn
(
fV + 3fAλ
2
)
=
2pi3
G2Fm
5
eg
2
V
1
1 +RC
(1)
where τn is the neutron lifetime, GF ≈ 10−5/m2p is
the Fermi coupling constant, me is the electron mass,
λ ≡ gA/gV is the ratio of axial and vector coupling con-
stants and fV/A their respective phase space integrals,
and RC represents inner and outer radiative corrections
[6]. In writing it in this way, all radiative corrections to
the relevant order are assumed to be absorbed into RC.
Any deviation of gA from unity arises then from QCD.
Following Wilkinson [16], the difference between the
phase space integrals for vector and axial terms, fV,A, has
been assumed to be only a few parts in 106 and therefore
ignored. From the conclusions by Bottino et al. and
Holstein [23–25], however, corrections arise specifically to
fA of O(αZ/MR), where α is the fine-structure constant,
Z is the proton number of the final state, M is the nuclear
mass and R its charge radius. The emergence of these
terms is non-trivial, and great care must be taken when
comparing to experimental results. We shall see that
the combination of these two facts leads to changes in
comparing experimental λ measurements to LQCD and
the |Vud| extraction in mirror systems.
We take back a few steps, and briefly review the in-
fluence of the strong interaction on the weak nuclear
current. Under the assumption of a purely V -A weak
interaction, we introduce the well-known result for a
J = 1/2→ J ′ = 1/2 allowed transition
〈f(pf )|Vµ +Aµ|i(pi)〉 =
u¯p(pf )
{
gV γµ + i
gM
2M
σµνq
ν +
gS
2M
qµ+
gAγµγ
5 + i
gT
2M
σµνq
νγ5 +
gP
2M
qµγ
5
}
un(pi) (2)
where q = pf − pi is the momentum transfer, all gi are
functions of q2, and the additional terms represent the
weak magnetism (gM ), induced scalar (gS), induced ten-
sor (gT ) and induced pseudoscalar (gP ) currents. As the
influence of all of the latter is proportional to q/M  1,
they are often referred to as recoil terms and represent
small corrections in the context of allowed β decay. As-
suming the Conserved Vector Current (CVC) hypothesis
[26] and the absence of second-class currents [27, 28], of
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2the induced terms all but the weak magnetism current be-
come identically zero up to isospin breaking corrections
[29, 30], and we find additionally
gM = κp − κn = 3.706 (3)
where κp,n is the anomalous magnetic moment of the
proton and neutron, respectively. Through CVC and the
Ademollo-Gatto theorem gV remains untouched up to
second order in isospin breaking [31], whereas the axial
current is only partially conserved.
We move towards Eq. (1) by introducing the decay
rate for an unpolarized transition
τ−1 =
G2Fm
5
e
2pi3
|Vud|2 1
2Ji + 1
∫
dLIPS
∑
mi,mf
|Mfi|2, (4)
whereMfi is the transition matrix element and mi,f are
the projection of initial and final spins along a quanti-
zation axis. For a Jpi → Jpi transition, Mfi receives
leading-order contributions from both vector (Fermi, F)
and axial-vector (Gamow-Teller, GT) terms when com-
pliant with isospin symmetry. As a direct consequence
one expects V -A cross terms in the final transition den-
sity. To zeroth order in recoil (q/M), however, no such
terms appear since the leading vector current term is
timelike, while that of the axial current is spacelike.
Inspection of Eq. (2) immediately leads to the usual
MF = 〈1〉 and MGT = 〈σ〉 reduced matrix elements.
For the neutron the situation is particularly simple and
one has MF = 1 and MGT =
√
3 so that one finds the
classical result
1
2Ji + 1
∑
mi,mf
|Mfi|2 = g2V (1 + 3λ2) (5)
when ignoring higher-order corrections, and where we left
out spinor normalizations for clarity. Experimental pre-
cision already long ago became sensitive enough to re-
quire a theoretical analysis including recoil-order terms,
however [32–34]. Weak magnetism (WM), in particu-
lar, shows up at first order in recoil in the spacelike vec-
tor current and interferes with the leading Gamow-Teller
operator. Collecting terms in the differential spectrum
shape one obtains another well-known result
∆
(
dN
dWe
)WM
∝ 4
3M
gM + gV
gAMGT peWe(W0 −We)
2
×
(
We − W0
2
− m
2
e
2We
)
(6)
where pe =
√
W 2e −m2e is the electron momentum, We
its total energy, and W0 the spectrum endpoint. Intrigu-
ingly, Weinberg showed [35], however, that no V -A inter-
ference terms - such as those in Eq. (6) - can contribute
to a scalar quantity such as the decay rate in the absence
of electromagnetic effects. Indeed, performing the inte-
gral over Eq. (6) gives identically zero, leading one to
the intuitive conclusion that contributions from Eq. (6)
are suppressed by at least a factor (αZ). In the work by
Wilkinson [16], the Fermi function is expanded to first
order
F (Z,We) ≈ 1 + piαZWe
pe
, (7)
and one obtains a non-zero part of the spectrum integral
when Eq. (6) is multiplied by the second term. Since
p ≈ W except for extremely non-relativistic electrons,
the total contribution is minimal and one finds a relative
contribution on the order of a few 10−6 [16, 19]. Similar
results were found for other cross-terms [16], resulting
in a pure decomposition between vector and axial terms.
Taking into account all additional correction factors, the
phase space integrals in Eq. (4) (denoted by fV,A) for
both vector and axial terms were found to be equal to
a few parts in 106. Equation (4) then becomes the well-
known result
τ−1n =
G2F g
2
Vm
5
e
2pi3
|Vud|2(1 + 3λ2)fV (1 +RC) (8)
where fA/fV is approximated as unity and fV =
1.6887(2) [6, 16], and incorporating the usual radiative
corrections [2].
We once more take a step back and briefly review the
influence of the electromagnetic interaction. Modifica-
tions can be summarized into three parts:
(i) static Coulomb interaction between the outgoing β
particle and the final state and atomic electrons. Part of
this is covered by the Fermi function and its higher-order
correction terms [36–39].
(ii) additional radiative corrections not contained in
(i), e.g. Bremsstrahlung, charge-change and γW boxes
[2, 40], written here as RC.
(iii) replacement of q0 → q0 + eφ where φ is the elec-
trostatic potential as required by gauge invariance.
We shall concern ourselves here only with the interplay
between (i) and (ii), as (iii) only shows up together with
weak magnetism to higher order in recoil.
It was originally shown by Stech and Schu¨lke that the
correct generalization of the transition matrix element in
the presence of electromagnetic effects is given by [41, 42]
Mfi =
∫
d3r φ¯e(~r, ~pe)γ
µ(1 + γ5)v(~pν¯)
×
∫
d3s
(2pi)3
ei~s·~r
1
2
[〈f(~pf + ~pe − ~s)|Vµ +Aµ|i(~pi)〉
+ 〈f(~pf )|Vµ +Aµ|i(~pi − ~pe + ~s)〉]. (9)
where φ¯e is the solution to the Dirac equation in the static
Coulomb potential of the final state. All form factors are
now a function of q′ = (pf + pe − s) − pf instead of
3q = pf − pi [23]. Inserting Eq. (2) into this result and
taking the weak magnetism term as an example one finds∫
d3s
(2pi)3
[∫
d3r ei~r·~sφ¯e(~r, ~pe)
]
gM (q
′2)
2M
× u¯p σµν [qν + (pe − s)ν ]unγµ(1 + γ5)v(~pν¯), (10)
where we neglected the nuclear spinor momentum
change. It is clear that when φ¯e reduces to u¯(pe) e
−i~r·~pe
when Z → 0, Eq. (10) evaluates to zero and Eq. (9) be-
comes the simple plane wave matrix element. Coulomb
corrections with the qν term are O(αZ(q/M)qR) as an-
ticipated and do not reasonably contribute. The oft-
neglected contribution comes from the (pe − s)ν term,
which was shown to instead amount to corrections of
O(αZ/MR) [23, 24].
The most accurate results are obtained in the Behrens-
Bu¨hring formalism [41, 43–45], a ‘calculate first, ask ques-
tions later’ elementary particle treatment1. Collecting
terms in the transition matrix element we find the addi-
tional correction terms of order O(αZ/MR) [39]
∆|Mfi|2 = 2
√
2
3
√
3
αZ V F 0111(1, 1, 1, 1)
AF 0101 (11)
where the V/AFnKLs(k,m, n, ρ) are nuclear form factor co-
efficients [43]. The arguments correspond to the con-
volution with the nuclear charge distribution, encoded
through functions I(k,m, n, ρ; r) resulting from the ex-
pansion of the electron wave function. The shift of Eq.
(11) is an energy-independent term in the differential de-
cay cross section proportional to the main Gamow-Teller
form factor, denoted by AF101(q
2). Up to higher-order
corrections in perturbation theory, the latter can be re-
defined by incorporating Eq. (11) into an effective GT
form factor, thus leaving the usual formulae intact. In
the particular case of the neutron this corresponds to a
renormalization of λ → λ˜ = λ(1 + δλ). While in princi-
ple similar renormalizations occur for other form factors,
these are found to be identically zero due to a cancella-
tion between contributions from the bare charge and the
finite size of the charge distribution [25]. For the neutron,
analytic evaluation of Eq. (11) is trivial and we find
λ˜ = λ
(
1 +
4
5
α
MR
gM + gV
gA
)1/2
(12)
up to O((α/MR)2). Using R = √5/3〈r2〉1/2 for a uni-
formly charged sphere we find
δλ = (2.0± 0.1) · 10−3. (13)
1 The effects of Eq. (10) were already included by Behrens and
Bu¨hring before the original publication by Bottino et al. [23, 24]
yet appear to have gone unnoticed.
where we chose 〈r2〉1/2 = 0.87(4) fm, taking the uncer-
tainty to be the remaining discrepancy in the proton ra-
dius puzzle [46, 47].
It is worthwhile to build a qualitative reasoning for
this renormalization from a more modern perspective.
In writing down Eq. (9) we have approximately treated
electrostatic effects non-perturbatively [44, 48], roughly
corresponding to the exchange of an infinite number of
photons between the outgoing β particle and initial and
final charges. The form of the correction, αZ/MR, hints
at the underlying structure and points to a single-photon
exchange, however. Equation (11) arises due to an inter-
ference between vector and axial vector amplitudes with
a virtual photon in the final state when squaring the sum
of the amplitudes. Naive power counting assumes this in-
terference to be of O(αZ(q/M)qR), as in the original ele-
mentary particle treatment [23, 24]. One can obtain large
remnants in the integration over final state momenta,
however. In the triangle diagram with a virtual photon
exchanged between the electron and outgoing proton, a
term proportional to αpi/vrel appears, where vrel is the
relative velocity between photon and electron. When in-
tegrating over the proton energy a non-negligible contri-
bution appears as vrel approaches zero, thereby mitigat-
ing the q/M suppression from the original interaction.
This will be a topic of further investigation within the
context of effective field theories (EFT) [49]. Addition-
ally, this points to the need for nuance when using power
counting arguments in standard EFT approaches, in par-
ticular when dealing with virtual photons.
Equation (12) shows that additional radiative correc-
tions to the Gamow-Teller form factor occur on top of
the “inner” radiative corrections [40, 50]. While this is
not a problem an sich, this reveals two notable issues
in the current way of interpreting experimental data for
neutron and mirror systems. Both problems stem from
the fact that experiment measures the fully renormalized
value for λ˜ (ρ˜) for the neutron (mirror) system, whatever
its value may be. In the experimental analysis, correc-
tions are applied to remove small recoil-order [34] and
O(α) radiative corrections [20, 51] specific to the corre-
lation observable. The effect described here is, however,
not accounted for in the analysis. Due to differences in
the theoretical treatment of neutron and mirrors systems
in the literature, one has two distinct consequences.
The first problem presents itself when comparing ex-
perimental values for λ˜ [10, 11, 52] to gA calculated on
the lattice [12, 13]. Under the usual assumptions, gV
is set equal to unity [31] and all QED effects are con-
tained in fV and RC of Eq. (8) so that a comparison of
experimental and lattice gA is sensitive to right-handed
currents via [52]
λEFT = λSM (1− 2 Re [R]) (14)
where R is a BSM right-handed coupling constant as-
suming new UV physics, interpreted in the Standard
4Model EFT (SMEFT) [53]. The correction derived in
Eq. (12) mimics exotic right-handed currents, so that
a failure to take it into account would incorrectly lead
to a non-zero BSM signal. Figure 1 shows the corrected
current and anticipated limits using gA from the lattice
with the recent experimental PERKEO3 result [11].
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Figure 1. Current limits (90% C.L.) on left and right-handed
couplings interpreted in the SMEFT, showing Z-pole (blue)
[54, 55], LHC (black) [56], and LQCD results from CalLat (or-
ange) [12] and PNDME (green) [13] collaborations. In red we
show anticipated limits when gA reaches 0.1% on the lattice.
The correction corresponds to an 0.1% shift, putting
the current limit at R = (−1 ± 5) · 10−3 when using
the CalLat [12] result. At the current level of precision
the effect of the new correction is not significant due to
the large uncertainty on gA from LQCD. Lattice calcula-
tions are expected to improve their precision by almost
an order of magnitude in the near future, however, mean-
ing Eq. (12) corresponds to a 2σ shift and becomes of
considerable importance. After correcting for Eq. (12),
equality between experimental and lattice values for gA
will then put the most stringent direct limits on right-
handed currents2.
The second problem pertains to the evaluation of Vud
from mirror decays, i.e. β transitions within a T = 1/2
doublet, analogous to the neutron. The master equation
can be obtained by making the substitution 3λ2 → ρ2 in
Eq. (1), where ρ = AF101/
V F000 is the ratio of Gamow-
Teller and Fermi form factors. Analogously to the neu-
tron, ρ can be determined experimentally through β(−ν)
correlation measurements so that Vud can be extracted
given theoretical calculations for fA/fV . Due to an ap-
parent divergence in the literature, the problem is oppo-
site to that of the neutron as the effect of Eq. (11) was
2 We have omitted here the combination of CKM unitarity
(∆CKM ∝ L+R) and the pion decay (δΓpi→µ2 ∝ L−R) due
to the degeneracy with pseudoscalar, scalar, and tensor interac-
tions [52, 57].
explicitly included in the fA/fV ratio [14, 58]. Since the
analysis of experimental data returns ρ˜ - which includes
the renormalization described here - its incorporation in
fA/fV then results in a double-counting. We recalculate
the reported fA/fV values [14, 15] for the isotopes for
which all experimental information is available to allow
extraction of Vud:
19Ne, 21Na, 29P, 35Ar and 37K. Results
are listed in Table I.
(fA/fV )
old (fA/fV )
new Ftold0 Ftnew0
19Ne [59] 1.0143(29) 1.0012(2) 6189(28) 6131(25)
21Na [60] 1.0180(36) 1.0019(4) 6185(44) 6152(42)
29P [61] 1.0223(45) 0.9992(1) 6535(606) 6496(593)
35Ar [15] 0.9894(21) 0.9930(14) 6133(51) 6135(51)
37K [62, 63] 1.0046(9) 0.9957(9) 6148(33) 6135(33)
Table I. Difference in calculated fA/fV values and its effect
on Ft0 for the mirror T = 1/2 transitions for which all exper-
imental information is available to allow extraction of |Vud|.
Ft value are taken from [64] for all isotopes.
As discussed above, the largest difference in fA and
fV comes from the constant term of Eq. (11) due to
the factor αZ suppression of Eq. (6). As a consequence,
differences are now much smaller as finite size corrections
[39] are very similar for axial and vector transitions. Like
in Ref. [15], we have assumed a 20% uncertainty on the
deviation from unity for fA/fV . It serves as an input to
the corrected ft value common to all mirror decays, Ft0,
which is defined as [15]
Ft0 = g2V fV t(1 + δ′R)(1 + δVNS − δVC )[1 + (fA/fV )ρ2]
≡ Ft[1 + (fA/fV )ρ2], (15)
where δi are additional radiative (R), nuclear structure
(NS) and isospin-breaking (C) corrections [14]. The
change in Ft0 is strongest for 19Ne due to the large value
for ρ. Combining all newly calculated results, one obtains
an average Ft0 = 6136(17) with χ2/ν = 0.14, resulting
from the significantly enhanced internal consistency. One
then relates this to |Vud| via [15, 65]
V 2ud =
K
Ft0G2F (1 + ∆VR)
(16)
where K/(~c)6 = 2pi3 ln 2~/(mec)5 = 8120.278(4) ×
10−10 GeV−4 s, GF /(~c)3 = 1.1663787(6) × 10−5 GeV−2
is the Fermi coupling constant [66] and ∆VR = 2.467(22)%
is the so-called inner radiative correction [40, 50]. Appli-
cation of Eq. (16) then leads to a new value for |Vud|
extracted from mirror decays
|Vud|mirror = 0.9743(14) (17)
which lies 0.3% (2.2σ) higher than the results previously
reported [15, 65] when using the new radiative correc-
tions as above [40], |Vud|mirrorold = 0.9712(14). This new
5result agrees well with that of superallowed Fermi de-
cays, |Vud|0+→0+ = 0.97366(16) [8, 40]. Figure 2 shows
an overview of the current status.
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Figure 2. Results with 1σ uncertainty of |Vud| from nuclear
decays. The new correction greatly improves internal consis-
tency among mirror decays and pushes |Vud|mirror upwards to
within 1σ of superallowed decays.
In conclusion, we have discussed an additional radia-
tive correction which arises only for Gamow-Teller al-
lowed decays and results from an interplay between QED
and QCD-induced currents. In the case of the neutron
this emerges as an additional renormalization of gA not
contained in the usual radiative corrections. We have
shown this effect to be essential in the search for Beyond
Standard Model physics when comparing to results of
LQCD when the precision of the latter significantly im-
proves in the near future. In the mirror systems, where
a precise knowledge of theoretical corrections is analo-
gously used for the extraction of Vud, we have shown
that this additional correction is double-counted when
combined with experimental data. We have corrected
for this and demonstrated the resulting increased con-
sistency within the mirror data set, and derived a new
value for Vud. The resultant |Vud| value is 0.3% higher
than the previous result and is consistent with that of
superallowed Fermi decays.
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